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Today's advanced semiconductor industry increasingly requires process control tools that are robust, fast and 
easy to use. This article, part of lll-Vs Review's continuing series on characterization, describes the benefits 
that can gained from using X-ray diffraction techniques in process control. 
T 
he compound semiconduc- 
tor industry, as part of its 
maturation process, has de- 
veloped aneed for several process 
control tools. Modern compound 
semiconductor production lines 
are more and more heavily 
staffed by line operators, with 
fewer and fewer scientists in- 
volved in the actual production 
process. Instruments and tech- 
niques that were suitable for 
scientists have to be significantly 
modified and adapted to allow 
operation with minimal user 
intervention. In fact, one can see 
the convergence of tool design 
from the technology-oriented 
models of the past to the 
silicon industry operator-based 
model. 
Process control tools need to 
satisfy a basic set of needs: 
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Figure 1. A double crystal X-ray diffractom- 
etry rocking curve obtained from a commer- 
cial GaAs substrate (angle measured in arc 
seconds) (S = substrate). 
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Figure 2. A reproducibility measurement for the FWHM of the rocking curve of a 167point 
spatial map of a Si substrate showing the variation in the average value. 
• The technology must measure a
useful process control parameter 
(and not just produce pretty data). 
• The tool must provide repro- 
ducible measurements when run 
by an operator with minimum in- 
tervention. 
• The tool should analyse the 
measurement to produce relevant 
data without he need of 'expert in- 
terpretation'. 
• Mapping measurements must 
be sufficiently fast to provide time- 
ly uniformity data for the process. 
This article will concentrate on 
compound semiconductor p ocess 
control uses of X-ray diffraction 
(XRD). Subsequent articles will dis- 
cuss the use of room temperature 
photoluminescence, optical reflec- 
tometry and combinations of these 
techniques. All of the data present- 
ed in this article are from typical 
production samples. 
Substrate screening 
For all epitaxy processes, the start- 
ing material for building the struc- 
ture is the substrate. Imper- 
fections in the substrate or its sur- 
face are invariably reflected in the 
quality of the epitaxy. In general, 
the poorer the quality of the epi- 
taxy, the poorer the device per- 
formance. Although substrate 
manufacturers have significantly 
improved their production pro- 
cesses, there can still be large dif- 
ferences from boule to boule of 
the same material from the same 
supplier.This problem of substrate 
variability is made considerably 
more difficult as one tries to buy 
substrates from a number of dif- 
ferent wafer suppliers. 
In the past, epitaxy growth and 
substrate cleaning procedures 
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Figure 3. The spatial variation of the FWHM of the X-ray rocking curve obtained from a 
commercial 3" diameter InP substrate, 
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Figure 4. The observed correlation between substrate rocking curve FWHM and epitaxy 
rocking curve FWHM. 
were modified for each change of 
bottle material. The push to larger 
and larger production facilities has 
led to multiple wafer epitaxial re- 
actors which no longer allow the 
adaptation of the growth process 
for each boule change. This in- 
crease in throughput has led to a 
need for robust, reliable substrate 
screening procedures. After a sig- 
nificant number of comparative 
measurements, we have found that 
X-ray screening is a much more re- 
liable indication of substrate quali- 
ty than secondary probes such as 
photoluminescence. In this way 
substrates can be screened for 
structural quality and for precise 
crystal orientation. 
Although X-ray topography has 
been used for many years to screen 
boules, it is a very qualitative 
process and difficult to quantify as 
a numerical screen.This article will 
concentrate on the use of X-ray dif- 
fraction rocking curves and maps 
for substrate screening. 
The basic technology of XRD 
has been described earlier in this 
series of articles on characteriza- 
tion [1].All X-ray data presented in
this article are from a Philips 
Analytical RD100 or a Philips 
Analytical DCDII high speed dif- 
fractometer.These systems are dou- 
ble crystal systems using blocked 
alpha collimators. This type of sys- 
tem blocks the K alpha2 beam 
emitted from the X-ray source. 
Although this lowers the overall 
beam intensity only one X-ray sam- 
pling beam probes a defined sam- 
ple location. Typical probe beams 
were 0.5 mm wide by 1 to 3 mm 
long. 
This use of a single probe beam 
is unlike most double crystal sys- 
tems, which allow both sampling 
beams onto the sample and blur 
the resulting data both spatially 
(because of the two sampling 
beams) and spectraUy (due to the 
two different wavelengths of the 
probe beam). 
The data plotted in Figure 1 is a 
typical XRD rocking curve from a 
GaAs substrate. These data were 
measured in 0.25 arc second steps 
and it took 1.5 seconds to measure 
the entire curve. The width of the 
rocking curve is a direct measure 
of the amount of crystalline imper- 
fection (dislocations) inside the 
volume sampled by the X-ray 
beam.Typically the Cu X-rays pene- 
trate 15 lam in GaAs, so this is a 
near-surface volume and not a 
complete bulk measurement. 
Simply put, the more damage (im- 
perfections) within the sampling 
volume, the wider the rocking 
curve. Normally the FWHM (width 
of the curve at 50% peak intensity) 
is used as a sensitive screen for 
substrate variation from boule to 
boule or from wafer to wafer with- 
in the boule. 
One requirement for this type 
of measurement is that the tool 
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Figure 5. An off-axis 'offcut' measurement from a 0.2 ° misoriented substrate (see text). 
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Figure 6. X-ray diffraction rocking curve from an AIGaAs layer grown on a GaAs substrate 
measured in four seconds using a solid-state detector. S indicates the substrate peak; I is 
the epi peak. 
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Figure 7. The spatial variation of the diffrac- 
tion peak separation for two sample rota- 
tions: (above) 0 ° and (below) 180 °. Their 
agreement demonstrates that tilt is very im- 
portant in this system. 
produces reproducible data when 
run by a non-expert. In an X-ray 
measurement this translates to a 
need for automatic peak finding, 
automatic peak optimization and 
robust data analysis, which does 
not involve simulation of the data. 
Figure 2 shows the results of a re- 
producibility test of a Philips DCD 
II diffractometer on a Si substrate. 
The only operator intervention 
was to load and unload the wafer. 
The data plotted in this figure is 
the average value of a 167 point 
spatial map. The outlying measure- 
ments were related to changes in 
the ambient temperature caused 
by the heating/cooling system. 
Reproducibility measurements like 
this are necessary to give users 
confidence in the tool's capability 
to accurately measure small 
changes in the FWHM. 
Figure 3 contains a map of rock- 
ing curve FWHM mapped over an 
InP substrate. The spatial variation 
of the FWHM is shown in the 
colour map on the left of the figure 
with the histogram on the right 
showing the relation of the colour 
to FWHM. Note the large range in 
values from 12 to 23 arc seconds (a 
factor of two in range). The basic 
quantitative screen for substrate 
quality consists of two parts; a 
maximum allowable value for the 
average FWHM and a maximum al- 
lowable value for the standard e- 
viation. The actual numerical value 
used for the cutoff values depends 
on the nature of the devices being 
produced. If the value is set too 
large, yields go down; if set too 
small, the material reject rate be- 
comes too high and average sub- 
strate costs go up (the standard U 
curve). 
This particular screening para- 
meter  is sensitive to defects in the 
near surface and the surface of 
the material. If the screening crite- 
ria is changed from 50% intensity 
(FWHM) to the width at 10% of 
peak intensity, the sensitivity is in- 
creased to surface effects such as 
polishing damage or to inappro- 
priate etch back after lapping and 
polishing. 
This variation in FWHM has a 
direct effect on the quality of the 
epitaxy grown on such a substrate. 
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Figure 8. The spatial variation orAl composition for the sample of Figure 7 as determined by 
X-ray diffraction. 
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The effects of substrate damage on 
epitaxial growth can be clearly 
seen in Figure 4. This is a plot of 
the FWHM of the diffraction peak 
from the epitaxial layer (plotted on 
the y axis) versus that from the 
substrate peak (plotted as the x ax- 
is).The data shows that as the sub- 
strate FWHM increases, the epitaxy 
FWHM also increases. In fact, the 
substrate FWHM sets a lower limit 
for the epitaxy FWHM and, in ef- 
fect, determines the best case sce- 
nario for the quality of the epitaxy. 
Imagine the spread in this data set 
when the substrate FWHM varies 
by a factor of two (like the sub- 
strate in Figure 3)! 
The second type of XRD screen 
for substrates measures the orien- 
tation of the lattice planes with re- 
spect to the physical surface of the 
sample. Substrate orientation is de- 
termined when the boule is cut 
and is not related to the lapping 
and polishing processes used to 
make the substrate surface optical- 
ly flat for l ithography and growth. 
A number of studies have been 
done which relate the misorienta- 
tion of the substrate to the disloca- 
tion density of epitaxial alloys 
grown on the substrate. Because of 
this sensitivity, typical substrate 
misorientations u ed in production 
processes can vary from 0 degrees 
to as much as 15 ° off-axis, deter- 
mined by the structure and type of 
devices being produced. Substrate 
manufacturers normally measure 
this misorientation by measuring 
crystal orientation (using simple 
diffraction) at two different rota- 
tion angles. 
The crystal misorientation de- 
termines the angle at which 
Bragg's law is satisfied. If the lattice 
planes are tilted with respect to 
the physical surface of the sample, 
the angle at which Bragg's law is 
satisfied (that is the angle where 
the substrate peak is found) de- 
scribes a sinusoidal variation with 
the rotation angle of the substrate. 
The amplitude of this variation de- 
termines the misorientation and 
the average value (when related to 
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Figure 9. A typical rocking curve of an InGaAIP epitaxial layer grown on GaAs. The two 
peaks show a small lattice mismatch. 
a calibrated sample) can be used to 
determine the lattice constant of 
the substrate. However, this tech- 
nique only works if the sample tilt 
is optimized at each measurement 
rotation.A misorientation measure- 
ment for a 0.2 ° (nearly on-axis) 
crystal is shown in Figure 5.The ac- 
tual measured offcut (the angle 
that the substrate was cut off axis) 
was 823 arc seconds or 0.23 ° . 
The data on the right side of 
Figure 5 is the actual rocking curve 
measured on this sample. The data 
on the left plots the measured 
peak angle (after tilt optimization) 
as a function of rotation angle of 
the substrate. The solid line on the 
left is the sinusoidal fit to the data 
using a 0.23 ° offcut angle. 
Ternary epitaxy 
screening 
Bragg's law states that the angle at 
which diffraction occurs is directly 
related to the lattice parameter of 
the layer being sampled. In prac- 
tice, this relationship can be used 
to determine the lattice constant 
of an epitaxial ayer assuming that 
the lattice constant of the substrate 
is well known. Figure 6 is a plot of 
a rocking curve for an AIGaAs on 
GaAs structure. Because AIGaAs is a 
ternary material, the composit ion 
of the alloy can be determined 
from the peak separation, assum- 
ing that the epitaxy is not tilted 
with respect of the substrate (this 
can be verified by measuring the 
peak separation as a function of ro- 
tation of the sample) and the sub- 
strate lattice constant is known. 
This calculation leads to a tech- 
nique of high precision (the ability 
to see small changes) but low accu- 
racy (due to assumptions about the 
substrate lattice constant). 
Figure 7a shows the spatial vari- 
ation of the peak separation of the 
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Figure 10. Two rocking curves from different 
parts of the sample in Figure 9 showing lo- 
cal spatial variation in diffraction conditions. 
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Figure 11. The diffraction peak separation map for the sample in Figure 9. 
same AIGaAs structure as in Figure 
6. Figure 7b is the same sample 
measured at 180 ° sample rotation. 
If the epitaxy lattice planes are tilt- 
ed with respect to the substrate lat- 
tice planes then the measured 
peak separation will change with 
sample rotation. If epitaxy tilt is a 
problem, one would normally mea- 
sure the two rotations hown and 
average the result to remove this 
effect. In the data shown in Figure 
7, a change in average peak separa- 
tion from -118.92 arc seconds at 
0 ° changed slightly to - 118.47 arc 
seconds at 180 ° . In this case there 
is very little epitaxy tilt evident. 
A spatial map of Al composition 
of an MBE grown sample is con- 
tained in Figure 8. Note the circu- 
lar symmetry evident in the spatial 
map (to the left of the figure). This 
pattern is caused during produc- 
tion by the combination of sample 
rotation, non-uniform substrate 
temperature and spatial variation 
of the source flux. This particular 
composition map used a previous- 
ly published calibration [2]. 
Unfortunately, there are no trace- 
able standards for composition 
measurements of this type and a 
number of 'peak separation to 
composition' correlation curves 
exist. Fortunately for process con- 
trol, the reproducibility of the mea- 
surement (precision) is of more 
importance than the accuracy. 
the substrate. The circular symme- 
try is the result of wafer rotation 
during MOCVD growth. 
Unfortunately, for a quaternary 
alloy a single measurement by ei- 
ther photoluminescence, to give 
the bandgap energy, or lattice con- 
stant is insufficient o determine 
the alloy composition. However, 
the combination of photo- 
luminescence peak wavelength 
(to determine bandgap) and 
X-ray diffraction peak separation 
(used to determine lattice con- 
stant) can be used to uniquely de- 
termine alloy composition. The 
generation and use of these alloy 
maps will be discussed in a later 
article. 
A statistically significant spatial 
map for uniformity requires 150 or 
more spatial measurements. 
TypicaUy this represents a 5-10 
minute measurement using a solid 
state detector which has limited 
dynamic range but high speed.This 
detector works well for thicker 
epitaxial layers but does not have 
the dynamic range to measure thin 
epitaxial layers. For thinner layers, 
a Xe proportional counting detec- 
tor has been satisfactory. This sys- 
tem has a dynamic range in excess 
of six orders of magnitude. The au- 
tomated analysis of thin layer struc- 
tures such as HEMTs and laser 
structures will be discussed in a 
later article in this series. 
Quaternary epitaxy 
screening 
A typical rocking curve for a qua- 
ternary system is shown in Figure 
9, measured at the location shown 
by the cursor on the left-hand spa- 
tial map. The sample is an InGaAIP 
epitaxial layer on GaAs. Figure 10 
shows two additional rocking 
curves taken at selected locations 
on the sample. Note the significant 
variation in the data sets. It is this 
variation that reinforces the need 
for a minimum of 150 point spatial 
measurements. Figure 11 shows 
the spatial variation of the peak 
separation of the InGaAIP layer to 
Conclusions 
This article has concentrated on 
describing a few robust, simple 
quantitative screens based on X-ray 
diffraction that can be used for 
compound semiconductor p ocess 
control. Although the basic mea- 
surement technology can be very 
complicated, and the resultant data 
sets difficult to interpret, there is 
significant benefit o be gained by 
these approaches.The bottom line 
for building an epitaxial structure 
is similar to that for building a 
house: the poorer the foundation 
(substrate), the poorer the wall 
(epitaxy). 
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